ABSTRACT Frankliniella fusca (Hinds) is a species of thrips that is a pest of peanuts and an important vector of tomato spotted wilt virus. In previous research, populations of thrips declined in peanut during midseason for unexplained reasons. Nematodes in the genus Thripinema are parasites of thrips that render infected females sterile. A new species, T. fuscum Tipping & Nguyen, was recently described as a parasite of F. fusca in peanut. In 1997 and 1998, the temporal changes in percent parasitism of F. fusca in plots of peanuts were determined. Parasitism of adult female thrips increased from an estimated 1% on seedling peanut each year to a maximum of 68% later in the 1997 growing season and 38% in the 1998 growing season. Treatments of several insecticides for control of thrips reduced percent parasitism of the females on most sample dates in 1997, but parasitism was not signiÞcantly affected in 1998. Estimates of the numbers of F. fusca in the ßowers and terminal buds of peanuts declined each year as parasitism increased. The very high levels of parasitism in 1997 were associated with near extinction of larval populations of thrips during midseason. As a result, the spread of tomato spotted wilt virus by this vector species was reduced. Thus, T. fuscum may be an important natural enemy of F. fusca responsible for suppression of populations of thrips in peanut.
THE THYSANOPTERA ARE opportunistic species that exploit temporary or intermittently occurring environments (Mound 1997) . Some species are r-selected with population characteristics that include vagility, a short generation time, polyphagy, a tendency toward parthenogenesis, and possibly a competitive breeding structure that promotes aggregation and exploitation of localized optimal conditions (Mound & Teulon 1995) . Agricultural crops provide new opportunities for quick colonization and establishment of large populations of opportunistic thrips, and some species are very important pests. Parrella and Lewis (1997) summarized information on natural enemies of thrips, and concluded that biotic agents played an insigniÞcant role in regulating populations. Population attributes of rapid colonization and growth were believed to possibly outstrip the capacities of natural enemies to regulate opportunistic species of thrips (Mound and Teulon 1995) . However, Kirk (1997) questioned whether the lack of reported cases of density dependence under Þeld conditions reßected a genuine lack of such effects by natural enemies on thrips populations or simply a shortage of quantiÞable information. Sabelis and van Rijn (1997) , with simple one-predator-one-prey models, showed that several predatory arthropods were intrinsically capable of reducing a coherent population of Frankliniella occidentalis (Pergande). Funderburk et al. (2000) showed that natural populations of the predator Orius insidiosus (Say) were effective in suppressing populations of F. occidentalis in Þeld peppers when thrips were rapidly colonizing and developing on the plants. They suggested that natural enemies may play a more important role in regulating populations of thrips than previously believed.
Frankliniella fusca (Hinds) is distributed throughout most of the eastern half of the United States and parts of the Midwest including Oklahoma and Texas (Stannard 1968) . Wild and crop plants from several families have been reported as suitable reproductive hosts (e.g., Stannard 1968 , Hobbs et al. 1993 , Brecke et al. 1996 , Toapanta et al. 1996 . Tipping et al. (1998) conducted a 2-yr survey of natural enemies of F. fusca in peanut, and found a new species of nematode (Thripinema fuscum Tipping & Nguyen) parasitizing the adult females. They found free-living, parasiticstage females of T. fuscum in peanut ßowers and ob-served them penetrating larval and adult thrips through the intersegmental membranes of the coxal cavities. The ovarioles of parasitized females were greatly damaged and eggs were absent. The greatest percent infection of females on any sample date was 51% in the Þrst year and 68% in the second year. Four other species of Thripinema are known parasites of thrips, and Tipping et al. (1998) developed a key to assist in identiÞcation. Loomans et al. (1997) reviewed published information on Thripinema spp. All species result in sterility of the female host. Infection levels Ͼ70% have been reported for Thripinema parasitizing thrips. Previously described species of Thripinema were reported from North America, Asia, and Europe (Tipping et al. 1998) . Species of Thripinema occur in other parts of the world as well. Teulon et al. (1997) reported an unidentiÞed species of Thripinema that infected Thrips obscuratus (Crawford) in New Zealand. A Thripinema sp. was recently discovered in Chile with percent infection of females of F. australis (Morgan) Ͼ70% (R. Ripa and J.E.F., unpublished data).
Frankliniella fusca is a competent vector of tomato spotted wilt tospovirus (Sakimura 1963) . Tomato spotted wilt virus is the type species for the genus Tospovirus in the family Bunyaviridae (German et al. 1992) . Tospoviruses are vectored by at least seven species of thrips in a unique persistent manner (Ullman et al. 1997) . The virus is acquired by the immatures feeding on infected plant material and passes transtadially to the adult thrips (Ullman et al. 1993) . Adults vector the virus and remain vectors during their entire life.
The main objective of this work was to determine the temporal changes in percent parasitism of F. fusca by T. fuscum in peanut. Another objective was to evaluate the effect of insecticides for control of thrips on percent parasitism. The potential effects on the population dynamics of thrips and the spread of tomato spotted wilt virus were evaluated.
Materials and Methods
ÔFlorunnerÕ peanuts were planted on 19 May 1997 and 1 June 1998 in a randomized complete block design with four replicates at the North Florida Research and Education Center, University of Florida, Marianna, which is the type locality for T. fuscum. Holotype, allotype, and paratype specimens were deposited at the U.S. Department of Agriculture Nematode Collection, Beltsville, MD. Paratypes also were deposited at the Florida Department of Agriculture and Consumer Services, Division of Plant Industry Nematode Collection, Gainesville, FL. Plot size was 14 rows by 17 m with a 0.9-m row spacing. Treatments were untreated, lambda cyhalothrin 1 EC at 0.03 kg (AI)/ha, spinosad 4 EC at 0.1 kg (AI)/ha, aldicarb 15G at 1.1 kg (AI)/ha, and in 1998 only phorate 20G at 1.1 kg (AI)/ha. Granular insecticides were applied infurrow at planting and again on 23 June 1997 and 1 July 1998 in a 0.18-m band over the row. Foliar insecticides were applied on 4 and 23 June in 1997 and on 18 June and 1 July in 1998 with a gas-pressurized backpack sprayer with three hollow-cone nozzles (D7-45). Side nozzles were directed straight into the plants in the row and a nozzle was placed over the top of the row.
Incidence of parasitism of F. fusca by T. fuscum was estimated approximately biweekly. On each sample date, Ϸ50 adult females and when possible 50 adult males were collected per plot from the ßowers and terminal buds. Thrips were maintained at 2ЊC until dissected in 3% soap solution under 40ϫ magniÞcation to determine the presence of T. fuscum. Population densities of thrips in the terminal buds and ßowers were estimated on each sample date. Ten terminal buds were randomly collected per plot on the Þrst sample date each year and placed in 70% ethyl alcohol. Once the plants began ßowering on the later sampling dates, each sample consisted of Þve ßowers and Þve terminal buds. Thrips and natural enemies were extracted with a stereo microscope at 40ϫ.
Incidence of peanut plants with tomato spotted wilt virus was estimated from the two middle rows of each plot on seven dates each year. The number of plants per row was determined on the Þrst date, and the number of plants with visual symptoms determined on each date. Disease estimates were veriÞed in plants with and without visual symptoms using enzymelinked immunosorbent assay (Agdia, Elkhart, IN).
Treatment effects on incidence of parasitism, on numbers of thrips, and incidence of tomato spotted wilt virus were determined on each sample date using analysis of variance (ANOVA) at the P ϭ 0.05 level (Littell et al. 1991) . Data were normally distributed and tests conducted on observed values are reported. An epidemic of tomato spotted wilt virus developed in 1997 and the von Bertalanffy model was used to characterize different cycles of infection (Berger 1981) . The proportion of diseased plants was plotted over time. A discontinuous infection process was assumed. The von Bertalanffy model was chosen because it has provision for the initial level of disease (y 0 ), the asymptotic, maximum level of disease y max , and the rate (k) when the curves are of the monomolecular type. The model equation is y t ϭ y max [1 Ϫ b exp(Ϫk t )], where b ϭ 1 Ϫ y 0 /y max . The von Bertalanffy equation was Þtted to the different segments of the curve by using a nonlinear, least squares, curve Þtting program (Berger 1989) .
Results
More than 97% of the adults in the samples were F. fusca in 1997 and 99% in 1998. The other species were Frankliniella occidentalis (Pergande), Frankliniella tritici (Fitch), and Frankliniella bispinosa (Morgan) in 1997. In 1998, F. tritici was the only species present other than F. fusca. Males and females of F. occidentalis and F. tritici were sometimes parasitized by T. fuscum, but nematodes were found in Ͻ2% of the adults dissected. Eggs, juveniles, and adults of T. fuscum were observed in most of the infected males and females.
The peanuts began ßowering 21 June 1997 and 1 July 1998 and ßowering continued until sampling was discontinued each year. Adults of F. fusca were present in the terminal buds and ßowers on each sample date (Fig. 1) . Larval densities were greatest each year in late June. Populations in 1997 declined in early July and were nearly extinct by late July. Larval populations did not recover for the remainder of the growing season. A similar pattern of population growth and decline occurred during the 1998 growing season, but populations did not approach extinction until late August and early September.
The adults of F. fusca were not signiÞcantly suppressed on any sample date in 1997 and 1998 by the applications of the insecticides (Fig. 1) . Populations of larvae were signiÞcantly suppressed on the second and third sample dates in 1997 (F ϭ 9.1 and 7.2, respectively; df ϭ 3, 9; P Ͻ 0.01) and 1998 (F ϭ 11.5 and 16.1, respectively; df ϭ 4, 12; P Ͻ 0.001).
Estimates of percent parasitism of the females of F. fusca by T. fuscum were Ϸ1% in early June in 1997 and 1998 (Fig. 2) . Parasitism increased each year on each consecutive sample date until late August. Percent parasitism was greater in 1997 than in 1998, reaching a maximum of 63 and 38%, respectively. Insecticide treatments signiÞcantly reduced percent parasitism on the second, third, fourth, and Þfth sample dates in 1997 (F ϭ 5.6, 6.0, 13.5, and 4.8, respectively; df ϭ 3, 9; P Ͻ 0.05, 0.01, 0.001, and 0.05, respectively). Insecticide treatment did not signiÞcantly affect incidence of parasitism on any 1998 sample date. Males were not collected during the Þrst three sample dates each year. On later sample dates they were more abundant with the ratio of males to females Ϸ1 to 2.3. Infected males were observed to have all stages of T. fuscum found in infected females.
The epidemic of tomato spotted wilt virus in 1997 developed early in the growing season (Fig. 3) . Disease incidence was Ϸ10% in all treatments on 3 July. Disease incidence more than doubled by 11 August when the Þrst signiÞcant treatment difference was observed (F ϭ 5.4; df ϭ 3, 9; P Ͻ 0.02). There was little increase in disease in any treatment after 11 August. The von Bertalanffy model was Þtted to two curve segments (3 July to 11 August and 11 August to 24 September) and to the curve for the entire growing season. The Þrst segment of the disease progress curve from 3 July to 11 August converged but the curve for the entire growing season gave a better Þt based on the 
Discussion
Rapid population growth of F. fusca on vegetativestage peanuts in this study was followed by a decline in populations (Fig. 1) . Smith and Sams (1977) and Tappan and Gorbet (1979) evaluated trends in population abundance in the terminal buds and ßowers in peanut. They reported the same pattern of population growth followed by a decline in populations from unknown causes.
Parasitism of female thrips by T. fuscum prevents egg production, and high levels of parasitism would be expected to result in suppression of populations (Loomans et al. 1997) . The declines in larval numbers of thrips as parasitism increased in this study suggests that T. fuscum was an important factor that contributed to suppression of populations of thrips (Figs. 1  and 2) . Parasitism of the females of F. fusca during midand late season in 1997 may have been responsible for near extinction of larval populations. Parasitism was not as great during midseason in 1998, and populations of larvae persisted until the end of the growing season.
The insecticides were applied each year during the early part of the growing season when parasitism of the adult females of F. fusca by T. fuscum was very low (Figs. 1 and 2) . The effects of the insecticides on the numbers of thrips were similar to those previously reported in the literature. Todd et al. (1996) and Funderburk et al. (1998) reported that early season applications of insecticides gave better suppression of larvae than adults of F. fusca. Percent parasitism increased greatly each year during mid-and late season in plots of treated and untreated peanuts. Some effects of insecticide treatment on percent parasitism were signiÞcant in 1997, but not in 1998. It is not known whether the insecticides were directly toxic to the free-living stage of T. fuscum or whether the effects on percent parasitism were indirectly related to suppression of populations of the thrips host. Todd et al. (1996) reported that suppression of vector populations by insecticides in peanut did not result in a corresponding reduction in incidence of tomato spotted wilt except by minimizing the secondary spread of the virus. During 1997 in this study, incidence of tomato spotted wilt was not signiÞcantly affected by insecticide treatment until 11 August (Fig.  3) . Because the application of the insecticides did not affect disease incidence early in the season, the infections during this period undoubtedly were the result of primary spread. Suppression of the larvae with insecticides was effective in reducing secondary infections that occurred later in the season. The parasitism of thrips in all treatments resulting in near extinction of larval populations by late July may have been important to prevent additional secondary spread of tomato spotted wilt virus. Secondary spread may have occurred if populations of larvae had persisted beyond midseason. A similar situation occurred in 1998 when parasitism was less, but the disease was endemic.
Outbreaks of tomato spotted wilt in North Florida and South Georgia can occur in peanut during mid and late season. Culbreath et al. (1997) reported large increases in incidence of tomato spotted wilt from early July to September in 1995. Conversely, incidence of tomato spotted wilt occurred primarily between late May and the end of June in 1996. Epidemics occurred early in the growing seasons of 1999 and 2000 in our current studies (J.E.F., D.W.G., and T.M., unpublished data). Parasitism each year was Ͼ80% in June with populations of larval thrips approaching extinction. Disease progress was similar to that observed in 1997 (Fig. 3) , and there was little increase in disease incidence beyond midseason.
Parasitism of F. fusca by T. fuscum increased from low levels early in the 1997 and 1998 peanut growing seasons to high levels during mid-and late season each year (Fig. 2) . Similar results were reported by Tipping et al. (1998 Tipping et al. ( ) for 1995 Tipping et al. ( and 1996 . Also, parasitism of F. fusca in peanut increased rapidly from early to midseason in 1999 and 2000 in our current studies (J.E.F., J.S., D.W.G., and T.M., unpublished data). We conclude that T. fuscum is possibly an important natural enemy affecting the population dynamics of F. fusca in peanut in North Florida. More study is needed to understand the reason for the observed effects of insecticides on parasitism in 1997 (Fig. 2) . Insecticides can be successfully integrated with natural suppression of F. fusca by T. fuscum to manage secondary spread of tomato spotted wilt tospovirus (Fig. 3) .
No other biotic factors affecting larvae and adults were identiÞed that could be responsible for the declines in population abundance of F. fusca in peanuts in July (Fig. 1) . Mortality from natural enemies of eggs and pupae were not determined in this study. Changes in plant characteristics during the growing season may also affect population abundance, but there is no reason to believe that the declines in July were related to plant nutritional quality. Flowers were abundant on all but the Þrst sample date each year. Aggregation of the females in the ßowers where they feed on pollen increases fecundity compared with females feeding only on leaf tissue (K. R. Sims and J.E.F., unpublished data).
Reported cases of biological control of thrips by natural enemies under Þeld conditions were lacking until recently (Parrella and Lewis 1997) . The population attributes of thrips including rapid colonization and growth were believed to outstrip the capacities of natural enemies to regulate populations (Mound and Teulon 1995) . Anthocorid predators suppressed rapidly colonizing and developing populations of thrips in peppers (Funderburk et al. 2000) . Species of Thripinema are a poorly studied group of parasites of thrips that occur nearly worldwide, and high levels of infection of populations of thrips during summer and fall as observed in this study may be typical for other species as well (Sharga 1932 , Lysaght 1937 , Reddy et al. 1982 . Natural suppression of thrips populations under local conditions by species of Thripinema may be widespread, and we urge further research to evaluate their importance as biological control agents.
